A half-factorial, two-level experimental design is used to determine the effects of changes in collector area
Introduction
The Solar Rating and Certification Corporation (SRCC) certification of solar water heating systems has until very recently relied on a four-day laboratory test (SRCC, 1984a,b ). An alternate system certification and rating program (SRCC , 1991) now relies heavily on the computer simulation TRNSYS 13.1 . As a first step in determining the accuracy of this methodology as applied to drain-back solar water heaters, experimental measurements of the performance of systems operating under SRCC rating procedures are examined under a variety of operating and design conditions. These experiments are the basis for a comparison of laboratory and simulated ratings (preliminary results are discussed in Carlson, 1990; Carlson et al., 1991; Schaefer et al ., 1991) . In this paper, effects of variations in collector area and flow rate recirculation flow rate (flow between the storage tank and drai~ back tank), solar storage tank volume, and storage tank design on daily energy quantities are investigated through a two-level, half-factorial statistical experimental design. Storage tank design is varied by using a rigid porous stratification manifold in place of the standard drop tube . Use of the manifold is the only variation considered nonconventional. Variations in the other design factors are based on current industry standards . Although collector flow rate is reduced to one-half the conventional design value, the low level flow rate is too high to Contributed by the Solar Energy Division of THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS for publication in the ASME JOURNAL OF SOLAR ENERGY ENGINEERING.
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represent a " low-flow " system. The levels of each design or operating factor are shown in Table 1 .
Overview of SRCC Rating Procedure
The SRCC rating procedure (SRCC, 1984a,b ) is a four-day laboratory test for which radiation, incidence angle, and water load profiles, as well as mains water and ambient temperatures are specified. Daily hot water load, QdeJ, is energy based and is made in three equal draws at 8:00 a.m ., 12:00 noon, and 5:00 p.m. A summary of the rating specifications is given in the Appendix. System performance is determined by monitoring water temperatures, flow rates, electrical usage , and energy delivery throughout the system. Rating is based on integrated daily energy quantities measured on the last day of testing when the system has reached steady-periodic operation.
Daily energy quantities included in the SRCC rating and sketched in Fig. 1 include: useful collected energy, Qu; daily hot water energy delivered by the solar storage tank , Q 5 ; parasitic energy, Qp 0 ,; energy delivered to the load, Qdel; and auxiliary energy, Qaux· Energy losses are not included in a SRCC rating, but are shown for completeness. Rating quantities not shown in the figure are net energy delivered from the solar storage tank, Q"''' equal to Q, minus Qpa,; energy capacity of the system, Qcap and reserve energy capacity, Q,es. In this study, an adjusted value of net solar energy output, Qnet'• is used to compensate for the fact that pumping power in the experiments is constant (flow rate is controlled with gate valves located downstream of the pumps) .
A rating trial is completed when the daily auxiliary energy input, Q awn is within three percent of the previous day's value , or when four days have elapsed. At the end of the test a continuous draw is made on the solar storage tank to determine the reserve capacity. The draw is continued until the outlet temperature of the solar storage tank is within 3°C of the inlet temperature.
A separate test is used to determine the energy capacity of the system with no solar input. The quantity, Qcap• is determined by making a continuous draw on the system until the hot water at the outlet drops to 35°C. The "no solar input" requirement means that the solar storage tank must be at 22°C at the beginning of the draw . All hot water energy values are calculated relative to the water main temperature.
An in-line electric boiler located downstream of the solar collectors is used to transfer energy into the system. Heater energy input, based on the Hottel-Whillier equation (see ASH-RAE Standard 95, 1987) , is a function of specified hourly solar radiation and incident angle profiles, collector parameters, collector inlet temperature, and ambient temperature . Collector characteristics (F,ra, F,U 1 , and b 0 ) are determined in a separate collector rating procedure (ASHRAE, 1986) .
Nomenclature
Three modifications to the standard testing procedure are made. Total daily water draw energy, Qdel• is increased from 42.3 MJ to 49.8 MJ to conform with the Federal Trade Commission (FfC) rating of electric and gas water heaters (FTC, 1989) . Calculations to determine heater input (ASHRAE, 1987) are modified to permit rating with a collector array different from that installed in the test facility (Carlson, 1990 ) . The bypass loop specified by ASHRAE standard 95 (1987) is eliminated since in a drain-back system the collectors remain dry after draining until the system pumps are turned on . In addition, because the system controller cannot be used with a nonirradiated collector, the behavior of a dead-band controller is numerically emulated .
Experimental Design
System performance is investigated using a two-level, halffactorial statistical experimental design which reduces, from 32 to 16, the number of experiments needed to determine the statistical significance of changes in system performance due to changes in the five design and operating factors (collector area, collector flow rate, recirculation flow rate, tank volume, and use of a stratification manifold) . Although all SRCC energy rating quantities are determined, only the daily energy responses Qu, Q,, Q"'" Qnei', Q,.., and Qaux are considered in the statistical analyses reported in this paper. Adjusted net energy delivered, Qnei,, is calculated by adjusting pumping energy to one-half the measured value in the trials where the associated flow rates are reduced by one-half.
A factorial experimental design provides the most information from a minimal number of experiments . This standard technique is most useful when several factors or variables are being investigated. A good overview of the statistical technique is given by Mason et al. (1989) . In a designed experiment, effects on a response due to varying factor levels are determined by measuring the response over several different factor combinations. An effect is defined as the average change in a response due to the change in factor level from a low to a high value . The experimental design is represented in typical factorial terminology by the defining relation Q = g (Ji, / 2 values (Qu, Q 5 , Qnet> Qner', Q, "" or Qau.x) and /1 -fs represent the five factors: collector flow rate, recirculation flow rate, collector area, solar storage tank volume, and solar storage tank design .
Standard normal quantile plots are used to visually determine if an effect is statistically significant. In a standard normal quantile plot, a normal probability distribution is linearized so that effects which are due to random measurement error lie on a straight line. Effects which are predominately due to the change in a factor, and thus statistically significant, fall off the line.
Analysis of variance (ANOV A) models predict the variation in a response for a given set of factor levels . The ANOVA model is given mathematically by
where Q is the modeled energy response, Q(f) is the effect due to factor f, and L 1 is a coefficient equal to ± 1, representing the high and low levels for the factor. Effects which are found to be insignificant are omitted from the model. Thus, the changes in a response can be attributed only to the factors and/ or interactions with statistically significant effects. The standard error of the variance between the ANOV A model and the data is an indication of random measurement error.
Experimental Facility
Shown in Fig. 2 , the experimental facility is located in one of five residential-style buildings at the Solar Energy Applications Laboratory. The collector(s) and in-line electric boiler are located in an insulated, conditioned, dark room located between the outer roof of the house and a weather-tight innerhouse roof. Temperature of the collector enclosure is maintained at 22°C with a window-type air conditioner and an electric space heater. Piping from the collector(s) runs through a well-insulated chase located on the outside of the building to a ground-level conditioned space containing the drain-back tank, water storage tanks, and cold-water supply tanks. Data acquisition, analysis, and system control are integrated around a single 80836-based personal computer.
Drain-Back System. A simple schematic of a conventional drain-back system is shown in Fig. 3 and a description of major system components is provided in modification to a conventional system is the addition of a vent tube parallel to the collector down tube needed to break the siphon in the down tube when investigating low collector flow rates. Overall loss coefficients, UA, of the solar water storage tanks are determined by cool down tests. The two tanks are identical except in diameter. Only one tank is used in any given rating trial. The electric auxiliary water-heater loss coefficient is determined by measuring the electric energy necessary to maintain the tank at constant temperature. Effectiveness of the heat exchanger in the drain-back module is calculated for each experimental trial. For the variations in flow rate considered in this study, effectiveness varies from 0.3 to 0.6.
The cold water supply consists of two 300-liter conventional domestic hot water tanks piped in series with a recirculation pump used to mix the water in the tanks. The temperature of the cold water supply is measured with a thermocouple tree 1 SO rrrn Fig. 4 Cross-section of stratification manifold located in one of the tanks and a thermocouple in the outlet of the other. The tank heating elements (9000 W) are controlled to maintain the temperature at 22°C. The hot water drawn empties into a plastic barrel which is mounted on top of a beam balance scale. The scale is used only for calibration of the flow meters, and during a four-day rating period, the barrel drains continually.
Stratification Manifold Design. The rigid porous manifold shown in Fig. 4 , similar in concept to that studied by Gari and Loehrke (1982) , is a perforated drop tube with vertical hydraulic resistance elements which balance the pressure of the fluid within the manifold with the pressure of the fluid in the tank. This pressure balance is critical in reducing in-flow of water from the tank . The tube is constructed of six, 150-mm long sections of standard 3-inch PVC piping separated by perforated flat plates also made from PVC. Each plate has a cross-sectional area of 1600 mm 2 • Horizontal flow is through two rows of holes located along the circumference of each outer tube section. The whole assembly is attached to the shortened drop tube of the collector return pipe through a threaded connection.
Design of the manifold is based on an optimization scheme in which six distinct operating conditions, including three different tank stratifications and two flow rates , intended to represent typical operation before and after a noon hot water draw and first thing in the morning, are considered (Carlson, 1990) . Each vertical section is modeled as shown in Fig. 5 . The mass flow rate and temperature of the fluid entering the manifold , degree of tank stratification, and hydraulic resistances are fixed and then the manifold inlet pressure varied until conservation of mass is satisfied. If the inlet pressure is too high, the solution indicates excess mass leaving the manifold. The reverse is also true. The selected design is the one which minimizes mixing of the incoming water for the average of all six conditions. Instrumentation. The location of sensors to measure temperatures, temperature differences , and water flow rates are shown in Fig. 6 . SRCC energy quantities, in terms of the measurement quantities , are defined by Eqs. (2) through (8). 
Water temperature is measured with copper-constantan (Type T) thermocouples (±0.4 percent 0 C). Temperature differences across each component are measured with five junction thermopiles (±(1 percent reading+0.05°C)). Volumetric water flow rates are measured with turbine meters (±0.5 percent linearity with standard error= 0.0007 1/s for measurement of V 1 and V 2 ; and standard error of 0.01 kg for Vi and V 4 ). Electrical energy consumption is measured using Watt trans- ducers (for the in-line heater, standard error= 5.62 W; for the collector loop pump standard error= l.11 W; and for the recirculation pump standard error= 0.12 W). Instrumentation is calibrated in place using the data acquisition system. Measurement errors for the SRCC energy values are calculated for each experimental trial by combining the individual transducer errors using a root sum square method. Transducer outputs are sampled five times per second.
Results
The two-level, half-factorial analysis is performed using Qu. Qs, Qn,,, Qnet'• Q,.,., and Qaux as responses. A summary of these SRCC energy rating quantities for all 16 trials is given in Table 3 . Experimental measurement errors for the energy quantities of Table 3 are summarized in Table 4 . In this table , the measurement error for the useful collected energy, Qu, has been added to the measurement errors of the other energy quantities to account for the fact that any error in the energy input to the system directly affects energy output.
Standard normal quantile plots of the effects of the energy response Qu and Qs are given in Figs. 7 and 8 as examples of the use of these plots. Analysis of variance (ANOV A) models for the six energy responses discussed are listed as Eqs. (9) through (14).
The standard normal quantile plot of the effects on Qu, shown in Fig. 7 , indicates that changes in collector area and collector flow rate are the only statistically significant factors affecting changes in useful collected energy. The effects on energy input due to the other physical and operating factors and interactions between factors are indistinguishable from random measurement error. The ANOV A model containing the two significant factors is given by Eq. (9) . The first term of the model is the· mean value of Qu in the 16 trials. The coefficients for the factor levels, L, are one-half the effect due to the factor. The value of the factor levels are ± 1 representing the high and low levels for the factor. The model accounts for 99.4 percent of the variation in Qu with a standard error of 514 kl . Qu = 24297 + 6061 Lcollector area+ 396 L collector now rate kl (9)
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The standard normal quantile plot of the effects on the response Q,, the delivered solar energy, in Fig. 8 indicates that a change in tank design (use of the stratification manifold) as well as changes in collector area and collector flow rate are statistically significant. A change in collector area accounts for 94.5 percent of the variation in Qs over the 16 trials. The ANOVA model for Q,, in Eq. (JO), using collector area, tank design, and collector flow rate accounts for 99.1 percent of the variation. The standard error in this case is 483 kl. Qs = 22040 + 4 l 92Lcollector area -805Ltank design + 445Lcollector flow rate kl (I 0) As expected from the analyses of Qu and Q,, a change in collector area has the most statistically significant effect on energy output, Qnet> but the effects due to changes in collector flow rate and storage tank design are also statistically significant. The ANOVA model for Qnei is given by Eq. (11). The standard error between the model and the experimental data is 440 kl. Qnet = 16196 + 4252Lcollector area -470Ltank design + 363Lcollector now rate kl (11) The analysis of Qnei ' indicates that in addition to the affects of collector area, collector flow rate, and tank design, Q net, is also affected by a change in recirculation flow rate. This is the only energy response where recirculation flow rate is significant. With pumping power adjusted to account for a lower flow rate, the reduction in pumping power offset.s decreases in heat exchanger effectiveness and collector performance. As a result, net thermal output of the system is increased. The ANOVA model for Qnet', given by Eq. (12), accounts for 99. 1 percent of the variation in adjusted solar output with a standard error of 488 kl.
Qnet' = 17640 + 4240Lcollector area -585Lrecirculation flow rate -553Lcollector now rate -549Ltank design kl (12) As shown in Eq. (13) , changes in collector area and flow rate and storage tank design are also statistically significant to auxiliary energy, Qaux· The standard error between the AN-OVA model given in Eq. (13) and the experimental data is 449 kl.
Qaux= 33444-4116Lcollcctor area+ 877Ltank design -613Lcollector now rate kl (13) Analysis of residual storage tank energy, Q,es, indicates that collector area and tank volume are the only statistically significant effects. Since quality of energy is not taken into account in this rating, tank stratification has little bearing on the reserve energy. The ANOVA model for Q,.s given by Eq. (14) has a standard error of 912 kl . Q,es= 17241+3235Lcollector area-J058Ltank volume kl (14) The effective of the stratification manifold on solar storage tank performance is demonstrated by comparing the measured tank temperature vertical profile obtained in trial 13, in which the conventional tank drop tube is used, to the profile obtained in trial 14, in which a manifold is used in an otherwise identical system. Plots of tank temperatures over the last day for each experimental trial, shown in Figs. 9 and 10, show the effectiveness of the stratification manifold in improving tank stratification during the collection period between 8:00 and 17:00. With the manifold , a 5°C temperature difference exists between the water at the top of the tank ( T 4 1 ) and that near the bottom ( T 33 ) . Without the manifold, the tank is completely mixed . The stratification number, ST, (15) (McCarthy and Wood, 1990) defined as the mean-squared difference between the temperature of the water and the av- Percentages arc based on a comparison of the effect and the energy value from the baseline of aial 16.
erage tank temperature gives a quantitative measure of the effectiveness of the manifold . The stratification number averaged over the collection period of the last day of trial 13 with no manifold is 5 compared to 35 in trial 14 with the manifold. Study of tank strafication raises some questions regarding the basic configuration of the storage tank. The temperature plots of Figs. 9 and 10 indicate that the bottom layer of water in the storage tank is not recirculated with the other fluid in the tank . This was the case in all trials involving low recirculation flow rate and/ or use of the stratification manifold . One solution is to simply place the return to the collector at the very bottom of the tank. Another disadvantage of the tank studied is that since it may also be used as a stand-alone tank by adding a heating element to the upper portion of the tank, the water returning from the collector is delivered below the top of the tank . Some improvements in stratification may be achieved by specifying that the drop tube be removed when installing the solar preheat tank.
Summary
It is important to note that although some of the findings reported in this paper may apply , in general, or other indirect flat-plate solar water heating systems, the detailed statistical analyses are limited to the performance of a drain-back solar water heater in an SRCC rating procedure situation. The analysis is also limited by the range of variations in collector flow rate, collector area, recirculation flow rate, storage tank volume, and storage tank design . For example , flow rates typical of "low flow" or single-pass systems are outside the range of collector or recirculation flow rates examined.
The results of the experimental analysis indicate that, in general, the factors having a statistically significant effect on system performance are collector area, tank design , and collector flow rate . Tank volume is statistically significant only in the case of the reserve energy value , Q,e,, but this factor could have a larger impact on system . performance with a modified load profile. Buckles and Klein (1980) show that variations in day-to-day load profiles have a significant effect on the performance of domestic hot water systems. The effects due to the other factors and factor interactions are small enough in magnitude to be obscured by experimental error. The effects of component changes on ratings are summarized in Table 5 .
Not surprisingly, collector area alone accounts for nearly 90 percent of the variation in all ratings. Increasing collector area from 2.78 m 2 to 5.56 m 2 increases Qu by 38 percent. Delivery of solar energy, Q 5 increases 31 percent and Qaux decreases 28 percent. The adjusted net energy value Qnet', calculated by adjusting the measured pumping energy to correspond with reduced flow rates, increases 40 percent. Reserve energy increases 28 percent.
Tank design is the second most significant factor on all ratings except Qu and Q,es. Use of the stratification manifold increases the delivery of solar energy Q 5 by six percent and reduces the use of auxiliary energy by six percent over the basic drop-tube system . Net solar energy delivered , Qnet• increases by over four percent, and the adjusted net energy value, Qner,, increases over five percent. Improved tank stratification reduces auxiliary heat, Q 0 ux, by six percent. These performance improvements are realized even though the manifold could not be optimized for a single design flow rate . Numerous studies confirm the benefits of tank stratification (e.g. , Lavan and Thompson, 1976; Wuestling et al., 1985; Fanny and Klein, 1988; Hollands and Lightstone, 1989) . Alternatives to using a stratification manifold include substantially reducing flow rate (i.e., "low flows," e.g., Van Koppen, 1991; Esbensen, 1991; Furbo, 1991) and constant temperature collection (Sliwinski et al., 1978) . Normally, "low flow" is only applied to direct systems. With an indirect system, lowering flow rates can cause Journal of Solar Energy Engineering lowered energy transfer rates in the heat exchanger which offset stratification gains (Fanny and Klein, 1988) . Thus, in the system considered in this study, tank stratification is best accomplished with a manifold rather than with a lower recirculation flow rate.
Doubling collector flow rate from 0.057 to 0. 1141/s increases Qu, Q,, and Qnet by approximately three percent and decreases Qaux by four percent. However, the increase in pumping energy outweighs the benefits of increasing collector flow rate as shown by a decrease of five percent in the adjusted net solar output.
Since within the ranges considered here, flow rates have minimal effect on system performance, it is advantageous to significantly reduce both flow rates and thus save on pumping power. This is evident from the fact that parasitic energy represents 20 percent of solar output of the baseline system and even high percentages in systems with less collector area. The use of lower flow rates may reduce capital and operating costs of pump operation. However, care must be taken in substantially reducing flow rates . Low flow rates through the collector may lead to increases in the collector heat removal factor. Low flow rates on the storage side of the system can reduce heat exchanger effectiveness without any benefit to tank stratification (Fanney and Klein, 1988; and Thornbloom and Davidson, 1992) . 
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